The nifA gene of Rhizobium meliloti, the bacterial endosymbiont of alfalfa, is a regulatory nitrogen fixation gene required for the induction of several key nif and fix genes. Transcription of nifA is strongly induced in planta and under microaerobic conditions ex planta. Induction of nifA, in turn, is positively controlled by the flxL andfixj genes ofR. meliloti, the sensor and regulator, respectively, of a two-component system responsible for oxygen sensing by this bacterium. This system is also responsible for the positive induction of fixK. Here, we report that chemical and oligonucleotide site-directed mutageneses of the nifA promoter (nifAp) were conducted to identify nucleotides essential for induction. Nineteen mutants, including 14 single-point mutants,
Rhizobium meliloti is a gram-negative soil bacterium that can fix atmospheric nitrogen in alfalfa (Medicago sativa) root nodules. The nitrogen fixation genes are regulated at the transcriptional level by a regulatory cascade involving four regulatory genes (15, 58) . The fixL and fixJ genes encode a two-component regulatory system in which FixL, the sensor protein, is capable of autophosphorylation and transfer of the phosphate to FixJ, the response regulator (26) . FixL and FixJ are members of a large family of sensor-regulator pairs that are involved in responses by bacteria to various environmental stimuli. The sensor class of this family is characterized by a conserved C-terminal histidine kinase domain. The response regulator class is characterized by a conserved N-terminal domain that can be phosphorylated at an aspartate residue by its cognate sensor (2, 52) . These regulators are often transcriptional activators, and the phosphorylated form is required for transcription (23, 24, 42) . Bacteria use these systems to respond to changes in such environmental factors as medium osmolarity and nutrient concentrations and gradients (2, 52) . The fixL and fixJ genes positively control the transcription of nifA and fixK, whose products in turn activate the transcription of the other nitrogen fixation genes. NifA and FixK each positively control a different set of nitrogen fixation genes. For example, NifA is required for the transcription of the niJHDKE operon that includes the genes that encode the subunits of nitrogenase, the enzyme that catalyzes the reduction of atmospheric nitrogen to ammonium. Other genes and operons under nifA control include fixABCX, nifN, and nifB-fixY. The fixNOQP operon is under fixK control. Molecular oxygen concentration is considered the primary environmental signal triggering this cascade, because nifA and fixK are strongly induced under ex planta microaerobic conditions (5, 20) . FixL is a hemo-* Corresponding author.
protein and therefore may directly sense oxygen tension (26) . Furthermore,fixLJ can weakly regulate nifA andfixKin response to oxygen in Escherichia coli in the absence of other nitrogen fixation genes (16) . The transcription start site of nifA is the same in microaerobic cultures as it is in planta (58) . In addition, 5' deletion derivatives of the nifA promoter (nifAp) show that induction is not altered by deletion of the upstream sequence up to position -61 but is abolished in a deletion to position -44 (58) . This means that the 5' end of the promoter is somewhere between -61 and -45 relative to the transcription start site. These deletions behave the same in microaerobic cultures and symbiotic bacteria (bacteroids). All of the above observations are consistent with the hypothesis that microaerobiosis is the stimulus for the transcription of the nitrogen fixation genes in R. meliloti and correlate well with the fact that the interior of the nodule is microaerobic (4) .
In Klebsiella pneumoniae, a bacterium capable of nitrogen fixation in free-living conditions, the regulation of expression of the nitrogen fixation genes is somewhat different (28) . The nif genes are under the control of nifA, but the nifA gene of K pneumoniae is positively controlled by a different twocomponent regulatory system, ntrBC, which responds indirectly to the availability of fixed nitrogen. R. meliloti also has an ntrBC system, but this system does not appear to be involved in symbiotic nitrogen fixation (53) . In K pneumoniae, the promoters of the nifgenes and the promoter of nifA itself share certain structural features and are dependent on the RpoN sigma factor (Oa4) for transcription (28) . The nif genes of R. meliloti also have a structure characteristic of RpoN promoters, but the nifA andfixK promoters, targets of fixLJ, do not, implying that they are under the control of a different sigma factor. Recent evidence suggests that for expression of fixK in E. coli, the major sigma factor (u70, RpoD) is required (6) .
The goal of this study was to understand in greater detail 
MATERIALS AND METHODS
Strains and plasmids. Strains and plasmids used in this work are described in Table 1 .
Plasmid constructions. Plasmid constructions are illustrated in Fig. 1 . All enzymes were used according to the manufacturers' recommendations. The FixJ-overproducing plasmid pPA304 was made by combining the 1.1-kb PvuIIto-HincII fragment from pDK302 (34) , which contains a lacp (lac promoter)-fix! transcriptional fusion, with EcoRV-digested pACYC184 (11) . In pPA304, the direction of transcription of fltJ is the same as that in the tetracycline resistance gene, and it expresses the fix! of R. meliloti 2011 (15) . The plasmid pPA306, which expresses the fix. of R. meliloti 102F34, the wild-type strain used in this study, was constructed by combining the 1.3-kb NsiI-to-BamHI fragment from pMW5 with the 4.4-kb NsiI-to-BamHI vector fragment from pPA304. DNA sequencing has shown (60a) that all differences between the coding regions of 2011 fixJ and 102F34 fix! that lead to amino acid changes are contained between the NsiI site and the 3' end of the gene. For the nifA reporter plasmid pPA59, a 3.3-kb HindIII-to-DraI fragment from pCHK57 (20) (21) was used to mutagenize pCHK56 to generate the unique restriction enzyme sites Sall, XbaI, and NruI, respectively, as a means of screening for the desired mutation. Gapped circles were generated by hybridizing Scal-cut pCHK56 prepared from SK383, an E. coli dam strain (63) , with the 2.6-kb HindIII-to-BamHI fragment from pUC9 (55) . The oligonucleotides used were as follows: for the mutation PA827, 5' dAACTTTATCGTCGACCGACT GTCA; for the mutation PA835, 5' dTATCGCTCTCTAG ATGTCAATACG; and for the mutation PA836, 5' dTCCG ACTGTCGCGACGCATACCT. Base pairs -54 to -43 of nifAp were mutagenized with the Amersham (Arlington Heights, Ill.) RPN.1523 mutagenesis system using singlestranded pPA68 (see below) as the substrate. The following degenerate oligonucleotides were used: for positions -54 to -50 bp, 5' dAGGTATGCGT(A/C)(T/G)(T/G)(G/T)ACAG TCGGAG; for -50 to -47 bp, 5' dTAGGAGGTAT(A/G)(A/ C)(T/G)(G/T)ATTGACAGTC; and for -46 to -43 bp, 5' dATATTAGGAG(G/T)(T/C)(A/C)(T/G)GCGTATTGAC. Screening for mutants was on Luria-Bertani agar containing
International Biotechnologies Inc., New Haven, Conn.) at 30 ug/ml, penicillin G at 250 ,ug/ml, and chloramphenicol at 20 ,ug/ml. DNA sequencing. Sequencing was according to Sanger et al. (49) as modified by U.S. Biochemical Corp. (Cleveland, Ohio). Hydroxylamine mutants were subcloned from pPA60 to pBluescript SK+ as HindIII-to-XhoI fragments for sequencing. Two primers were used in separate reactions to cover the entire mutagenized region, the M13 -20 primer (New England BioLabs) and a primer that binds at +63 to +82 of nifAp (58) . Site-directed mutations on pPA68 were sequenced by using the +63 primer, and several clones were also sequenced with the M13 -40 primer (New England BioLabs) to span the entire HindIII-to-BamHI fragment that was to be transferred to pGD926. No mutations were found outside of the target site. Preparation of single-stranded DNA from pBluescript SK and pPA68 for sequencing and mutagenesis was as follows. The medium 2XYT, which consists of 16 g of tryptone, 10 g of yeast extract, 10 g of NaCl, and 2.1 ml of 2 N NaOH per liter, plus 250 ,ug of penicillin G per ml was inoculated with several colonies of XL-1 Blue-containing phagemid and incubated with shaking at 37°C. M13KO7 helper phage (56) was added to 10 PFU/ml after an increase in culture turbidity of 40 U as measured by a Klett colorimeter. After 40 min, kanamycin was added to 50 ug/rml, and the cultures were shifted to 30°C to shake overnight. Cells were removed by centrifugation twice at 12,100 x g for 10 min, and virions were precipitated by the addition of 2.5 ml of 20% polyethylene glycol 6000-2.5 M NaCl or 20% polyethylene glycol 6000-3.5 M ammonium acetate to 10 ml of supernatant fluid and incubation at room temperature for 30 min. The supernatant fluid was removed after centrifugation at 12,100 x g for 20 min, and the pellet was resuspended in 1 ml of TE (10 mM (20) . 1-Galactosidase assays were performed as described by Miller (41) . E. coli 3-galactosidase assays were on overnight cultures in LB medium. Alfalfa nodule ,B-galactosidase activities were determined by the method of Better et al. (7) except that nodules were crushed in 0.5 ml of Z buffer (41 tion into other gram-negative bacteria, the lacZ fusion can be established in pGD926. Alternatively, the entire plasmid could be recombined in vitro with a broad-host-range plasmid such as pRK292 (19) . These cointegrates can be selected by transformation into a polA strain such as C2110 (35) , because the gene fusion vectors are dependent on polA for replication (11, 36) , whereas pRK292 is not (22) .
Hydroxylamine mutagenesis of nifAp. It has previously been shown that overexpression of fi! activates the nifA promoter in E. coli under aerobic conditions (30) . In addition, the nifAp 5' deletion derivatives that had been previously tested in R. meliloti (58) were tested in E. coli LG90(pMW5) for 1-galactosidase activity. High levels of FixJ were provided by pMW5 (60a tive nifAp "down" mutants, appeared at a frequency of 0.6 to 1%. Three single-point mutants were ultimately isolated: a G-to-A transition at -48 bp, a C-to-T transition at -40 bp, and a C-to-T transition at -39 bp. All three mutants are drastically reduced in activity in R. meliloti (Table 2 and Fig.  2 ). Note that hydroxylamine induces only C-to-T transitions, and A-T base pairs are therefore not affected by this mutagen. It is likely that the mutagenesis was saturating. Each defective mutant was represented several times on culture plates. It is unlikely that these were siblings, because the mutants were screened by transformation without intermediate outgrowth.
To isolate nifAp mutants with increased activity ("up" mutants), the screen described above was conducted with pPA60 as the reporter and pMW5AH as the driver. In this driver, the HindIII site between lacp and fix! has been filled in, leading to a white-colony phenotype with pPA60, presumably because of a decrease in the FixJ levels. Mutants, resulting from the mutagenized insert in pPA60 and defined as red (lac+) colonies, were observed at approximately 1%, and mutants containing single-point mutations at positions -13 and +16 were isolated. The lac+ phenotype was dependent on pMW5AH. As shown in Table 2 Table 2 ) that decreases induction to approximately 6% that of the fulllength promoter further delineates the end point to between positions -54 and -57.
To examine the sequence requirements at the 5' end of the promoter in more detail, degenerate oligonucleotides were used to mutagenize the 12-bp region from -54 to -43 (Table  2 and Fig. 2 ). The oligonucleotides were designed to produce one alternative base pair at each target position. The changes were predominantly transversions. The products of the in vitro mutagenesis reactions were transformed into TG1 cells bearing pPA306 and plated onto medium containing the chromogenic indicator X-Gal. For the initial screening, the pPA68 derivatives from pale blue colonies were checked for major rearrangements by restriction analysis and then sequenced. Mutants of interest, particularly single-point mutants, were transferred to the broad-host-range vector pGD926, mobilized into R. meliloti, and analyzed for microaerobic induction. A number of darker blue colonies, that is, with a color response similar to that of the wild-type promoter, were also checked by DNA sequencing for the presence of promoter mutations with a possible silent or intermediate phenotype. The 10 single-point mutants with mutations between -54 and -43 displayed a range of activities from less than 2% that of pCHK57 (-48 G to A) to 115% (-43 C to A). The block of sequences from -54 to -43 is clearly essential for microaerobic induction of nifAp in R. meliloti. Within this block, however, no particular group of adjacent residues seems to be more important than any other. The more-severe mutations do not lie on the same face of the DNA helix. A mutant with changes from -54 CAA -52 to -54 ACC -52 is interesting because it displays intermediate microaerobic induction in R. meliloti, yet a single mutation at -54 that displays a much more severe Below the point mutations, the activities of three multiple-point mutations and a linker insertion mutation are shown. See Table 2 for actual values. Mutants were assayed as derivatives of pGD926. The wild-type derivative is pCHK57. The multiple-point mutations beginning at -66, -61, and -53 are PA827, PA835, and PA836, respectively. The -48 G-to-T (7%) and the -54, -53, and -52 CAA-to-ACC (31%) mutations are not shown. The transcription start site is +1. phenotype was isolated. The triple mutation may partially restore some structural feature of the promoter necessary for transcription that the single mutation at -54 lacks.
Activity of a deletion derivative offixKp. ThefixK promoter is also microaerobically induced by fixLJ, but an alignment of nifAp and fixKp (Fig. 3) examined in this region of nifAp were found to be important for induction. Of these, seven were the residues that are identical in fixKp in this region (Fig. 3) , and in general, mutations in these bases were more severely defective. Interestingly, a change from G to T at position -48 that (Fig. 2) . The arrowhead indicates the extent of the fixKp 5' deletion tested in this study (Table 3) . (Fig. 4) . As shown in Fig. 4 , implicit in the design of pPA71 is the assumption that the upstream fix.! response element does not extend past position -35 in the 3' direction and that the downstream polymerase interaction region does not extend past position -44 in the 5' direction. A unique Sall site in the intervening region between the 5' and 3' regions allowed the length of this sequence to be modified, thus changing the face of the DNA helix of the upstream region relative to the downstream region. The plasmid pPA71 is defined as having 25-bp spacing, since the distance from any base pair in one of the direct repeats to the equivalent base pair in the other direct repeat is 25 bp. This distance represents approximately 2.5 turns of the helix. A derivative with 29-bp spacing was created by linearizing pPA71 with Sall, filling in the 5' overhangs, and religating. A 41-bp-spacing derivative was created by linearizing with Sall, filling in, attaching a 12-bp NheI linker (5' CTAGCTAGCTAG; New England BioLabs), and religating. All constructs were verified by DNA sequencing. These plasmids exhibited the same colony phenotype in TG1(pPA306) on Luria-Bertani-1 mM IPTG-XGal as did the 5' deletion derivative of nifAp to -44. Furthermore, additional pPA71 derivatives that contain two or three insertions, in various orientations, of the HindIII fragment containing the 5' promoter region have the same colony phenotype as the other spacing mutants. These (25, 50, 64) , in the K pneumoniae nifL promoter, a target of NtrC (13) , and in other systems (62) . The screen conducted in this study did not reveal a mutant pair of this description; therefore, it was not possible to demonstrate sequence-specific DNA binding at the promoter by this approach.
The response regulators of several two-component regulatory systems such as ntrB-ntrC (nitrogen regulation [43] ), envZ-ompR (medium osmolarity adaptation, mentioned above [44, 47, 54] ), phoR-phoB (phosphate regulation [39] ), and virA-virG (pathogenesis in Agrobactenum tumefaciens [32] ) have been shown to specifically bind upstream sequences of target promoters. The fixL-fixJ system in R.
meliloti is consistent with this theme; transcription of nifA andfixK is dependent on fix. in E. coli and R. meliloti (5, 15, 16, 58) . Binding of FixJ to the target promoters, however, has yet to be demonstrated. Underlying this theme are important differences between the various systems. NtrC is thought to bind the glnAp2 promoter as a dimer (48) and can activate transcription from great distances (43, 60) . OmpR, in contrast, is thought to bind as a monomer (33, 44) and can activate the ompC promoter from upstream sites that can be separated from the downstream region, but only by short distances. The NtrC-binding sites in glnAp2 have dyad symmetry (3, 31) , whereas the OmpR-binding sites in ompCp and ompEp do not. There are three direct repeats in these promoters (44, 47) . The VirG-binding sites are thought to have significant dyad symmetry (32) . In the pho regulon, the pstS promoter contains two PhoB-binding sites, whereas the phoB promoter contains one "pho box." Sequence analysis reveals one pho box each in the phoA and phoE promoters. This implies that in these systems, multiple binding sites are not absolutely necessary for transcription. In fact, an artificially constructed ompC promoter with a single binding site is quite active in the presence of OmpR (37 Unlike OmpR, which purifies as a monomer (33) , FixJ purifies as a dimer (26) . Furthermore, because of sequence similarity and mutagenesis of the putative DNA-binding region, it is thought that FixJ is a helix-turn-heix DNAbinding protein (34 (17) . RNA polymerase sigma factors are helix-turnhelix DNA-binding proteins that bind to asymmetrical sites, but these proteins have two distinct DNA-binding domains (25, 50, 64) . It is possible, then, that FixJ represents a prokaryotic analog of the homeodomain proteins. The homeodomain proteins, however, are thought to exist as monomers in solution, consistent with their specific binding to asymmetrical DNA sequences (1) . The homeodomain is structurally dissimilar to such prokaryotic helix-turn-helix DNA-binding domains as that of the 434 repressor (45) , but some similarity to the DNA-binding domain of the HinR recombinase of Salmonella typhimurium has been recognized (1) . Nevertheless, like the 434 repressor and other bacterial helix-turn-helix DNA-binding proteins, HinR purifies as a dimer and recognizes a symmetrical DNA sequence (51) . Another possibility is that FixJ binds as a dimer to an asymmetrical site by virtue of one subunit contacting the DNA while the other does not. This may occur in certain plasmid replication systems (12, 40) , but the replication proteins are not considered helix-turn-helix DNA-binding proteins. Also, it is possible that a region of functional dyad symmetry does exist in the upstream region of nifAp but that it is too degenerate to be apparent. It is clear that additional studies involving purified components of the fixL-fixJ and nifA system must be carried out in order to gain a greater understanding of the mechanisms of transcriptional control at the nifA promoter.
